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AN INVESTIGATION OF THE DURABILITY
OF MOLDING SANDS
I. INTRODUCTION
1. Introductory.-Three general methods have been tried by previ-
ous investigators in an attempt to determine the durability of mold-
ing sands: (1) the mold test method,* (2) the oven test method,t
and (3) the hydration and dehydration method.$ The first-mentioned
method is long and time-consuming, while the last two methods are
shorter but are generally believed to be less accurate.
Since, from the standpoint of foundrymen, it is desirable to have
available a short method of testing molding sand for durability, it
was suggested by the American Foundrymen's Association that a few
selected molding sands should be tested by all three of the methods,
and a study be made for the purpose of correlating the results ob-
tained. In response to this suggestion tests were conducted on various
molding sands; two of the sands were natural sands, while others were
synthetic molding sands.
2. Objects of Investigation.-This investigation was conducted
(a) to outline a short and accurate method for determining the dura-
bility of a given sample of molding sand; and (b) to obtain data
which would give the amount of bond or sand necessary to bring a
given quantity of used sand back to the original strength without the
necessity for conducting a special test.
3. Acknowledgments.-This investigation has been part of the
work of the Engineering Experiment Station of the University of
Illinois, in co6peration with the American Foundrymen's Association.
Acknowledgment is made to former Acting Dean A. C. WILLARD, Di-
rector of the Engineering Experiment Station and Head of the De-
partment of Mechanical Engineering, and now President of the Uni-
versity; to all the members of the Subcommittee of the American
Foundrymen's Association on the Durability of Molding Sands; to
HARRY W. DIETERT, of the Harry Dietert Company, for the loan of
compression, shear, and tension apparatus, and for furnishing the
molding sands and clays used in the investigation; to Professor A. P.
KRATZ, Research Professor of Mechanical Engineering, for valuable
*S. M. Phelps, Mellon Institute, Pittsburgh, Pa.
tH. W. Dietert. U. S. Radiator Corporation, Detroit, Michigan.
1C. N. Nevin, Cornell University, Ithaca, N.Y.
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aid and suggestions in analyzing the results of the investigation; to
Dr. R. E. GRIM, Petrographer of the Illinois Geological Survey, for
petrographic identifications of the clays and bonding substances in the
sands used in this investigation, and for aid in interpreting the petro-
graphic analyses; and to R. H. BRAY, Assistant Chief in Soil Survey
Analysis, for the chemical and supercentrifuging results, and for
valuable aid in interpreting the results of the investigation.
II. APPARATUS AND METHODS
4. Apparatus Used in Investigation.-The equipment recommended
by the American Foundrymen's Association was used in the prepara-
tion and testing of the molding sands.* It consisted of a permeability
machine, permeability tubes and holders, a Dietert universal sand
strength machine for the compression and shear tests, a Dietert sand
tensile strength machine, a Ro-tap fineness testing machine, and a ther-
mostatically controlled electric oven, accurate to plus or minus 5 deg.
F. In addition to these an electric furnace having inside dimensions of
12 x 36 x 81/2 inches, equipped with a simple cut-out switch, potenti-
ometer, and thermocouples, was used to heat the samples of molding
sands for the oven test and the dehydration tests. Iron pans covered
with porcelain, having an inside diameter of 10 inches and a height of
6 inches were found to be suitable receptacles for holding the sand
when heated in the electric furnace.
A number of steel cylindrical boiler tubes with an inside diameter
of 3% in. and a length of 12 in. were used as flasks to prepare the
molds for the mold test method. A cylindrical wood pattern, 2 in. in
diameter and 11 in. long, served as a pattern for the molds. A crucible-
type furnace, using high pressure gas, was used to melt the cast iron,
and an optical pyrometer to read the pouring temperatures. A number
of glass bottles, fitted with rubber stoppers, prevented loss of moisture
when the molding sands were tempered.
5. General Methods of Procedure.-Two natural and two synthetic
molding sands were used in the investigation. The natural sands were
Albany and Mulberry Grove sands. The synthetic sands were made
by adding Ohio clay and bentonite clay to silica sand. The second
object of the investigation was to obtain data which would determine
the amount of bond or sand necessary to bring a given quantity of
used sand back to the original green compression strength and two
*"Standard and Tentatively Adopted Methods of Testing and Grading Foundry Sands,"
American Foundrymen's Association, March 1931, pp. 33-92.
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different methods for collecting these data were adopted. First, a
representative sample of molding sand was tested without adding any
sand or clay to it throughout a given test. At the end of the series of
heats constituting a test sand or clay was added in amounts neces-
sary to bring the sand back to its original green compression strength.
Second, a representative sample of the same molding sand was tested
for green and dry compression, permeability, shear and tension. If
after any one of the series of heats constituting a test the green com-
pression strength of the sand was found to have decreased, enough
sand or clay was added to offset this loss. It was hoped that in this
way two sets of data would be collected, one of which would serve
as a check upon the other, and that the data would give some evidence
concerning the effect of additions of sands or clays on the physical
properties of molding sands during their life.
Because the two natural sands were to be tested by two methods,
two samples of each sand were prepared. One sample of each sand
was labeled "constant strength," because an effort was made to hold
the green compression or bond strength constant, over a series of tests;
the other sample was also suitably labeled so that it could be easily
identified. The two synthetic sands were prepared and labeled in like
manner.
Early in the investigation it was found that, in order to maintain
the compression strengths of the two natural sands constant through-
out a series of tests, it would be necessary to add 100 per cent new
sand after each heat, or to use a new sample of sand for each heat.
Therefore the testing of the two natural sands under conditions of
constant compression strength was discontinued. Four samples of the
natural sands were prepared, but only two were used.
In order to prepare the four samples of natural sands a prelimi-
nary examination to determine the optimum moisture content was
necessary. The optimum moisture content was considered to be that
at which a molding sand had its greatest green permeability and green
compression strength. The four samples of synthetic sands were not
tested for optimum moisture content, but this was assumed to be 5
per cent at 4 pounds per square inch green compression strength, in
conformity with the results obtained by previous investigators.* It
was considered that this was sufficiently accurate for the purpose of the
investigation.
After this preliminary examination, eight representative samples
of the sands were dried and allowed to cool to room temperature.
*Minutes of Meeting of Subcommittee on Life of Sands and Clays, Mar. 23, 1929, Detroit,
Michigan.
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Enough of each dry sand was weighed out to carry out the tests. It
was estimated that 6000 grams of each sand would be sufficient for the
mold test method, 2500 grams for the oven test method, and 2500
grams for the hydration and dehydration method.
Each of the natural sands was prepared in the following manner:
3000 grams of dry sand were weighed and placed in the Simpson sand-
mixing machine. The machine was then run for two minutes, a stop
watch being used to observe the time. A measured quantity of water
equal to about one-fourth of the calculated requirement was added to
the sand, and the machine was then run for approximately 30 seconds.
Approximately one-fourth more water was again added and allowed
to mix in the sand for an additional 30 seconds, this process being
repeated until all the calculated amount of water had been added.
The time for this preliminary mixing was approximately 4 minutes.
The sand and water were then allowed to mix for another 3 minutes,
making a total of seven minutes for the actual mixing time. This
method of mixing was adopted in order to obtain a uniform mixture
of sand and water. At the end of the seven minutes, the sand was
carefully removed from the mixing machine and riddled three times
through a No. 6 riddle. It was then placed in a bottle with a tightly-
fitted rubber stopper and allowed to temper for 12 hours. This pro-
cedure was repeated until 11 000 grams of dry sand had been pre-
pared. After each batch had been mixed, the sand-mixing machine
was carefully cleaned to insure that no sand was lost.
The synthetic sands were prepared in practically the same manner
except that the calculated weight of standard American Foundry-
men's Association silica sand was first placed in the machine, and
then the calculated weight of clay added. The silica sand and clay
were allowed to mix for two minutes, the additions of water were
made as before, and the mixing machine was run for the required
time. All sands were tested for moisture content before allowing
them to temper, and if adjustments were necessary they were made at
this time.
When all the sands had been prepared and had tempered for 12
hours, a portion of each sand was dried and tested for clay and fine-
ness. Other portions were tested for the original green and dry per-
meability, compression, shear, and tension strengths. Throughout all
the tests, great care was exercised to prevent any of the sand being
lost by handling or in mixing, since it was important that all weights
of each sand should be accurately accounted for. Many check deter-
minations were made. At least three determinations, and sometimes
more, were made for each test.
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All of the sands were now ready to be tested by the three methods;
viz., the mold test, the oven test, and the hydration and dehydration
tests.
The mold test consisted of preparing molds in the steel cylinders
and pouring melted cast iron into them. The temperature of the iron
was taken by means of the optical pyrometer at the time the metal
was poured into the molds. After the metal had cooled to room
temperature, the castings were carefully removed from the molds, ex-
amined for shape and appearance, and suitable identification marks
were placed upon them. Each sand was then adjusted to the original
moisture content, allowed to temper for 12 hours, and tested for green
and dry compression, shear, and tensile strengths. This process of
tempering, testing, and pouring cast iron into the molds was repeated
after each heat. After the tenth heat the total loss in weight of each
sand was recorded, and the amounts of clay necessary to restore the
synthetic sands to the original green compression strengths at the
respective optimum moisture contents were determined. Clay and
fineness tests were made on each sand before the clay was added, in
order to ascertain to what extent the clay content and fineness of the
sands had changed in the test sands while in use.
The next test made was the oven test. Since the clay and fineness
tests, as well as all other original tests, had been made at the time
of conducting the mold tests, it was unnecessary to repeat these tests
on the original sands. The prepared sands were removed from the
bottles, placed in the porcelain-covered iron containers, and then
heated in the electric furnace. The sand was maintained at a tempera-
ture of 800 deg. F. for two hours and then removed from the furnace.
One thermocouple was inserted into the sand to a depth of approxi-
mately 2 inches and another was used to determine the temperature
of the furnace. The temperatures indicated by both thermocouples
were read by means of a potentiometer. After cooling to room tem-
perature, each sand was adjusted to its respective optimum moisture
content, and set aside for tempering. When the tempering was com-
pleted, the sands were tested for green and dry compression, per-
meability, shear, and tensile strengths as in the mold test method. This
heating and testing was repeated at 200 degrees intervals until 1400
deg. F. had been reached. After heating to 1400 deg. F. the sands
were weighed and the total loss of weight obtained. The clay and fine-
ness tests were then made on dried portions of each sand, to determine
whether any changes in clay percentages, grain fineness, and grain
distribution had taken place, and enough clay was added to the syn-
thetic sands to restore the original green strength. As in the mold
ILLINOIS ENGINEERING EXPERIMENT STATION
test method, these additions of clay to the two constant strength
sands were unnecessary, as clay additions were made when necessary
throughout the test.
The last test made was the hydration and dehydration test. Here
again, preliminary clay and fineness tests were unnecessary as these
had been previously made. The prepared samples were, therefore,
placed in suitable rectangular tin pans, and were allowed to bake in
the electric oven for four hours at a temperature of 225 deg. F. After
baking they were removed from the oven, allowed to cool to room
temperature, and weighed, and losses or gains in weight were recorded.
The sands were again placed in the porcelain-covered iron contain-
ers and heated at a temperature of 800 deg. F. for one hour in the
electric furnace. They were then removed from the electric furnace,
allowed to cool to room temperature, and weighed. Losses in weight,
due to dehydration at 800 deg. F., were recorded. After this the sands
were tempered to the respective optimum .moisture contents, and then
tested for green and dry compression, permeability, shear, and tension.
They were then dried in the electric oven for 4 hours at 225 deg. F.,
and, when they had cooled to room temperature, were weighed and the
losses or gains recorded. They were again heated in the electric
furnace for one hour at a temperature of 1000 deg. F., and weighed,
after they had been removed and allowed to cool. The losses due to
dehydration at 1000 deg. F. were thus determined. This alternate
tempering, testing, drying, weighing, and heating was carried on at
200-degree intervals until a temperature of 1400 deg. F. was reached.
After being heated to 1400 deg. F. the sands were weighed, and the
loss due to dehydration at 1400 deg. F., and also the total loss of
weight were determined. The clay and fineness tests were performed
on dried portions of the sands to determine the clay loss and changes
in the clay percentage, grain fineness, and grain distribution. Then
enough clay was added to the synthetic sands to restore their original
green strengths.
6. Determination of Green and Dry Permeability of Molding
Sands.-The green permeability of a molding sand was determined
by the standard methods of the American Foundrymen's Association.*
The dry permeability was determined in the same manner as the green
permeability, excepting that the permeability specimen tube and
standard permeability specimen were baked at a temperature of 225
deg. F. for two hours, cooled to room temperature, and then tested.
*Standard and Tentatively Adopted Methods of Testing and Grading Foundry Sands, Ameri-
can Foundrymen's Association, 1931, pages 34-56.
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7. Determination of Green and Dry Compression Strength of
Molding Sands.-The green compression strength of a molding sand
was determined on a sample prepared for the green permeability
test by stripping it from the specimen tube by means of a cylindrical
cast iron tube. The dry compression specimens were prepared and
baked in the electric oven at a temperature of 225 deg. F. for two
hours. The specimens were placed on tin lids for baking. The testing
of molding sands for both green and dry compression strengths was
done by means of the compression strength testing machine, in accord-
ance with the standard procedure of the American Foundrymen's
Association.
8. Determination of Green and Dry Shear Strength of Molding
Sands.-The green shear strength of the sands was determined by
means of the compression strength testing machine, after making suit-
able adjustments, that is, after removing the compression test holders,
and substituting in their place the shear test holders. Before the test
for dry shear strength the specimen was baked in the electric oven
at 225 deg. F. for two hours.
9. Determination of Green and Dry Tension Strength of Molding
Sands.-Here again the dry tension strength specimen was baked at
225 deg. F. for two hours before being tested. The green and dry
tension tests were performed in accordance with the standard pro-
cedure of the American Foundrymen's Association.
10. Determination of Moisture Content <of Molding Sands.-All of
the moisture contents reported in this investigation were determined
by the method of weighing. A 100-gram sample was weighed and
placed in an electric oven at 225 deg. F. for one hour. It was then
removed and reweighed, the percentage of moisture in the sand being
computed from the loss in weight.
11. Determination of Amount of Clay and Fineness of Molding
Sands.-The standard A.F.A. gravimetric method of determining the
percentage of bonding substance and the fineness of the remaining
silica grains was used in making these tests. The fineness number, or
average grain fineness of the sands before and after testing for dura-
bility, was calculated in accordance with the standard practice of the
American Foundrymen's Association. The grain distribution numbers
of the sands were also calculated, to determine whether the distribu-
tion of the silica grains was different after the durability tests had
been performed.
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12. Preparation of Molds for Mold Test Method.-A quantity of
each molding sand weighing 6000 grams was prepared for the mold
test method, and approximately one-third was used in preparing the
mold. One-third was used in conducting the strength tests, and the
remaining third to make up for the sand losses in the mold tests.
These losses occurred when sand burned on the surface of the castings
and in other ways.
A previously-tempered portion of molding sand was taken out of
the glass bottle, and a one-inch deep bottom layer of sand was rammed
in one end of the cylindrical boiler tube. The pattern was then placed
on top of this and centrally located. In making some of the earlier
molds the cylinder was filled to the top with sand and the cylindrical
flask raised a height of 4 inches and dropped. The jolting was re-
peated 10 times, and then more sand was added. Five more jolts were
given to the flask and the top of the mold smoothed off flush. The
pattern was removed, and the flask suitably marked, covered with a
sprue cover, and set on a cast iron core plate in a vertical position.
The average weight of sand used to prepare a mold was 2300 grams,
or approximately 5 pounds.
This earlier method of ramming produced swells at the bottom of
all the castings and, consequently, after the third heat, the method was
changed. In making all the later molds, a square wooden stick, 1/2 in.
by % in., was used to ram the sand in the flask around the pattern,
and a much improved casting resulted, due to more uniform ramming
of the sand. No increase in weight of sand used per mold was noted.
13. Melting of Cast Iron for Use in Mold Test Method.-All the
cast iron used in this investigation was melted in a crucible furnace
using high pressure gas for fuel. A charge of 90 lbs., consisting of
50 per cent pig iron and 50 per cent scrap was placed in the crucible.
Starting with a cold furnace, the average melting time was approxi-
mately 6 hours. The pouring temperature of the metal was quite
uniform, averaging 2360 deg. F. for seven heats, and 2452 deg. F. for
three heats, a difference of only 92 deg. F. The weight of the samples
cast in the sand averaged 9.25 pounds. The ratio of weight of sand
used to weight of iron cast in each mold was approximately 1 to 2.
To prevent moisture loss the molds were prepared about 45 minutes
before the iron was ready to pour. After pouring, the molds were
allowed to stand over night, and the next morning the castings were
removed and brushed with a wire brush. All molding sand was care-
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fully collected and weighed to determine the losses in the weight of
sand. The castings were suitably numbered and saved for future
examination.
14. Heating of Sands in Electric Furnace for Oven Test Method and
Hydration and Dehydration Method.-The capacity of the furnace
was such that three samples of the sands could be heated at the same
time. The furnace was checked for temperature gradients, and it was
found that the temperature at the rear of furnace was approximately
50 degrees higher than that at the front. Hence no samples were placed
near the front door of the furnace. The temperature difference be-
tween the sample at the rear of the furnace and that at the front of
the furnace was never more than from 25 to 50 degrees. This was
checked on several occasions, especially when the furnace was operat-
ing at the higher temperatures of 1200 and 1400 deg. F. In all cases
the temperature of the sand was maintained within ;- 10 deg. F. of the
required temperature by the manipulation of a simple cut-off or throw-
off switch. The temperatures were measured by means of a poten-
tiometer and thermocouples. As the depth of the sand in the con-
tainers was about four inches, one thermocouple was inserted into the
center of the sand sample to a depth of approximately two inches.
15. Determination of Molding Sand Losses.-No difficulty was ex-
perienced in determining the losses in weight of each sand after each
heat, and the total weight of each sand lost through the test in the
mold test method, or in determining the losses of each sand during the
oven test method. However, when the hydration and dehydration
method was first employed difficulties arose. Sometimes losses in
weight were observed after heating the sands in the electric furnace;
then, when they were tempered and later dried in the electric oven at
225 deg. F., it was found that the weight might increase. An inde-
pendent check was therefore made of the losses which occurred during
the hydration and dehydration method. This was done by preparing
2500-gram samples of each sand as before, but instead of any tests
for green and dry compression, permeability, shear, and tension being
performed on these samples, they were tempered, dried in the electric
oven, and heated in the electric furnace, with a minimum amount of
handling. This treatment served to minimize the errors resulting from
handling, and it was found that more accurate data were collected by
this second method than were obtained by the first.
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TABLE 1
RESULTS OF MOISTURE TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio StrengthGrove Bentonite Ohio
Moisture Content-per cent
Mold Test Method
Original value ....... 6.5 7.5 5.0 5.0 5.0 5.0
Value after
1st heat.......... 6.5 7.5 5.0 5.0 5.2 5.2
2ndheat.......... 6.6 7.2 5.3 5.0 4.9 5.1
3rd heat.......... 6.4 7.5 4.9 5.2 5.3 5.2
4th heat.......... 6.0 7.8 5.3 5.3 5.3 5.2
5th heat.......... 6.2 7.2 4.7 4.7 4.8 4.9
6th heat.......... 6.3 7.7 4.8 4.9 5.0 4.8
7th heat .......... 6.5 7.5 5.1 4.9 5.2 5.0
8th heat.......... 6.7 7.3 4.9 4.7 4.8 5.2
9th heat.......... 6.3 7.2 5.0 5.4 5.2 4.6
10th heat.......... 6.45 7.5 5.1 4.9 5.0 5.0
4.9 5.0
Oven Test Method
Original value....... 6.5 7.5 5.0 5.0 5.0 5.0
Value after
800 deg. F ........ 6.7 7.5 4.7 5.3 4.9 4.7
1000 deg. F........ 6.3 7.2 4.8 5.0 4.8 5.0
1200 deg. F........ 6.4 7.5 5.1 5.2 5.2 5.0
1400 deg. F........ 6.3 7.6 5.1 5.1 5.2 4.95
Hydration and Dehydration Method
Original value ....... 6.5 7.5 5.0 5.0 5.0 5.0
Value after
800deg. F........ 6.6 . 7.7 4.9 5.0 5.0 5.2
1000 deg. F........ 6.3 7.5 5.0 5.0 5.0 4.9
1200 deg. F........ 6.8 7.7 5.0 4.8 5.2 4.8
1400 deg. F........ 6.3 7.7 4.9 5.2 5.2 5.2
III. RESULTS OF PHYSICAL TESTS
16. Results of Moisture Tests.-Preliminary investigation showed
that the Albany and Mulberry Grove molding sands should have an
optimum moisture content of 6.5 and 7.5 per cent, respectively. The
optimum moisture content for the synthetic bentonite and the Ohio
sands was accepted as 5.0 per cent. Table 1 shows the moisture con-
tents of all the sands used in the investigation. If the moisture con-
tents of the sands expressed in per cent did not deviate by more than
0.3 from the optimum moisture content, no adjustments were made,
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as it was considered that this was within the limits of the accuracy
required.
17. Results of Green Permeability Tests.-The results of the green
permeability tests of all sands are shown in Fig. 1 and Table 2. The
original green permeability of the Mulberry Grove sand was much
higher than that of all the other sands, although the clay content was
much greater than that of the other sands. The curves show a rapid
decrease in permeability from the original value and then an increase
during the last two tests for all three methods.
The permeability of the Albany sand increased quite uniformly
in the mold test method from 22.4 to 55. In the oven test and hydra-
tion and dehydration methods, the permeability increased at a slower
rate, and the final permeability in these two methods was much lower
than in the mold test method.
The permeability curves of the bentonite and constant-strength
bentonite are nearly identical in each method, except in the case of
the final permeability of the constant-strength bentonite sand.
This is due, no doubt, to the adding of clay to constant-strength
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TABLE 2
RESULTS OF GREEN PERMEABILITY TESTS
Type of Molding Sand
S Constant- Constant-
Albany Mulberry Bentonite Strength Ohio Strength
Grove Bentonite Ohio
Permeability
Mold Test Method.
Original value............. 22.4 136.0 86.0 86.0 66.7 66.7
Value after
1st heat ................ 25.5 145.5 92.0 83.5 63.4 62.0
2nd heat ................ 30.5 94.5 91.1 84.9 63.5 59.6
3rd heat................ 32.5 83.3 100.2 89.5 68.6 67.7
4th heat ................ 38.0 73.5 100.0 96.4 73.0 69.0
5th heat ................ 40.5 68.0 106.6 104.4 75.0 70.1
6th heat................ 44.0 66.0 106.6 106.6 82.1 95.0
7th heat................ 46.0 65.0 107.7 111.3 83.5 96.4
8th heat ................ 49.0 63.5 108.9 111.3 88.0 93.0
9th heat ................ 55.0 72.5 114.0 111.3 96.0 96.0
10th heat ................ 55.0 78.0 128.0 97.0 100.0 98.3
97.0 90.0
Oven Test Method
Original value. ............. 22.4 136.0 86.0 86.0 66.7 66.7
Value after
800 deg. F.............. 29.0 91.1 73.0 68.5 54.0 60.4
1000 deg. F.............. 29.2 30.0 78.9 84.0 64.6 61.0
1200 deg. F.............. 32.0 29.5 81.4 80.0 85.0 75.0
1400 deg. F.............. 39.0 32.5 103.3 94.5 87.0 98.5
Hydration and Dehydration Method
Original value............. 22.4 136.0 86.0 86.0 66.7 66.7
Value after
800 deg. F.............. 28.2 69.6 71.6 76.0 63.4 59.0
1000 deg. F.............. 32.9 23.0 81.0 86.0 73.5 66.0
1200 deg. F.............. 36.8 38.0 101.0 92.0 92.0 79.0
1400 deg. F.............. 27.0 40.5 117.0 90.5 97.1 90.0
bentonite sand (see Table 11) to maintain the green compression
strength as nearly constant as possible. The final permeability of the
constant-strength Ohio sand in the mold test method was 98.3, while
the final permeability of the Ohio sand was 100. Clay added to this
sand during the tests did not seem to have any great effect upon the
permeability. No clay was added to this sand during the oven test
and the hydration and dehydration methods.
The final permeabilities of all the sands in the mold test method
were greater than the final permeabilities in the oven test and hy-
dration and dehydration methods, respectively.
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18. Results of Green Compression Tests.-The green compression
strength of the Mulberry Grove sand (Fig. 2 and Table 3) decreased
rapidly from the original strength of 16 lb. per sq. in. to 2.5 lb. per
sq. in. in the mold tests, 3.7 lb. per sq. in. in the oven tests, and
2.8 lb. per sq. in. in the hydration and dehydration tests. The original
strength of 16 lb. per sq. in. was no doubt due to the high clay content
of 28.4 per cent, which was reduced to 16.2 per cent during the mold
tests.
The green compression strength of the Albany sand decreased quite
uniformly during the mold tests from the original strength of 7.1 lb.
per sq. in. to 1.8 lb. per sq. in., to 3.7 lb. per sq. in. during the oven
tests, and to 2.8 lb. per sq. in. during the hydration and dehydration
tests.
From Fig. 2 it can be seen that the green compression strength
of the bentonite sand decreased quite uniformly during the mold tests
from 4 lb. per sq. in. to 1 lb. per sq. in.; during the oven tests and
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TABLE 3
RESULTS OF GREEN COMPRESSION TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio Strength
Grove Bentonite Ohio
Compression Strength in lb. per sq. in.
Mpld Test Method
Original value....... 7.1 16.0 4.0 4.0 4.3 4.3
Value after
1st heat .......... 5.3 12.6 3.5 4.1 3.8 4.9
2nd heat.......... 5.1 9.7 3.1 4.2 4.0 4.5
3rd heat .......... 4.1 9.3 2.85 3.6 4.35 4.3
4th heat .......... 3.03 6.55 2.5 3.55 3.8 4.5
5th heat.......... 3.0 5.3 2.3 4.1 3.9 4.45
6th heat.......... 2.6 4.4 2.2 4.1 3.75 4.8
7th heat.......... 2.4 4.5 1.81 4.1 3.5 4.8
8th heat .......... 2.15 4.0 1.6 4.15 3.4 3.65
9th heat .......... 1.9 3.5 1.3 4.8 2.5 4.8
10th heat .......... 1.8 2.5 1.0 4.0 2.25 4.7
4.0 4.3
Oven Test Method
Original value....... 7.1 16.0 4.0 4.0 4.3 4.3
Value after
800 deg. F........ 5.5 13.9 3.8 4.2 4.4 4.4
1000 deg. F........ 5.4 5.7 3.8 5.0 6.2 8.0
1200 deg. F........ 4.65 4.1 2.3 4.0 4.3 6.7
1400 deg. F........ 3.7 3.7 1.2 4.0 4.3 4.3
Hydration and Dehydration Method
Originalvalue....... 7.1 16.0 4.0 4.0 4.3 4.3
Value after
800deg. F........ 5.3 12.85 3.7 3.5 4.15 3.65
1000 deg. F........ 4.35. 5.20 3.75 3.4 5.8 5.8
1200 deg. F........ 3.3 3.4 1.2 4.5 4.4 5.1
1400 deg. F........ 2.8 2.8 1.0 4.0 4.3 4.3
hydration and dehydration tests the strength decreased slowly after
the first three tests, but rapidly to approximately 1 lb. per sq. in. after
the final heating to 1400 deg. F.
By adding a total of 225 grams of clay (see Table 10) in small
amounts during the mold tests (see Table 11), 65 grams during the
oven tests, and 70 grams during the hydration and dehydration tests,
the green compression strength of the constant-strength bentonite sand
was kept as nearly constant as possible.
During the mold tests the compression strength of the Ohio sand
decreased from 4.3 lb. per sq. in. to 2.25 lb. per sq. in., but after the
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oven and the hydration and dehydration tests the final strengths were
equal to the original of 4.3 lb. per sq. in. After heating to 1000 deg. F.
in the oven tests, the strength increased to 6.2 lb. per sq. in., and in
the hydration and dehydration tests to 5.2 lb.
The green compression strength of the Ohio constant-strength sand
was maintained as nearly constant as possible by adding a total of 202
grams of clay in small amounts during the mold tests to maintain a
compression strength of 4.3 lb. per sq. in. No clay was added during
the hydration and dehydration tests, but it should be noted that, after
the heating to 1000 deg. F. in the oven tests, the strength increased to
8 lb. per sq. in., and in the hydration and dehydration tests to 5.8
lb. per sq. in.
The compression strengths of all the sands were lower after the
final heat in the mold test than the respective final strengths found in
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TABLE 4
RESULTS OF GREEN SHEAR TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio Strength
Grove Bentonite Ohio
Shear Strength in lb. per sq. in.
Mold Test Method
Original value ....... 1.5 4.8 1.0 1.0 1.0 1.0
Value after
1st heat.......... 1.2 3.1 0.9 1.15 1.0 1.25
2ndheat.......... 0.6 1.6 0.75 1.0 1.0 0.9
3rd heat.......... 0.6 1.6 0.8 0.9 1.1 1.0
4th heat.......... 0.4 1.3 0.55 0.8 0.8 0.8
5th heat.......... 0.6 1.0 0.5 1.2 0.75 1.0
6th heat.......... 0.5 0.9 0.5 1.0 0.65 0.9
7th heat.......... 0.4 0.8 0.3 1.1 0.6 1.15
8th heat.......... 0.45 0.7 0.3 1.05 0.5 0.7
9th heat.......... 0.35 0.5 0.25 1.25 0.55 0.9
10th heat.......... 0.3 0.4 0.1 1.3 0.4 0.9
0.9 0.65
Oven Test Method
Original value ....... 1.5 4.8 1.0 1.0 1.0 1.0
Value after
800 deg. F ... .... 0.76 3.7 1.0 1.0 1.0 1.0
1000 deg. F ... ... 1.0 0.9 1.0 1.2 1.6 1.7
1200 deg. F........ 0.9 0.8 0.45 0.95 0.85 1.6
1400 deg.F........ 0.6 0.4 0.1 1.1 0.65 0.5
Hydration and Dehydration Method
Original value....... 1.5 4.8 1.0 1.0 1.0 1.0
Value after
800deg.F........ 0.95 2.8 0.9 0.9 0.95 0.9
1000 deg. F........ 0.75 0.9 0.9 0.9 1.3 1.3
1200deg. F........ 0.6 0.45 0.2 1.05 0.9 1.1
1400 deg. F........ 0.5 0.4 0.15 0.9 0.8 0.6
the other two tests, and from Table 10 it can be seen that the mold
tests reduced the percentages of clay more than the other two methods.
19. Results of Green Shear and Green Tension Tests.-The re-
sults of the green shear tests are shown in Fig. 3 and Table 4 and
those of the green tension tests in Fig. 4 and Table 5. These tests did
not bring out any properties of the sands not already shown by the
green compression tests.
20. Results of Dry Permeability Tests.-Figure 5 and Table 7
show the results of the dry permeability tests. The dry permeabilities
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of all the sands except the Mulberry Grove sand were greater than the
wet permeabilities.
Some difficulty was experienced during the dry permeability tests
with the Mulberry Grove sand. While being baked the sand con-
tracted so that it pulled away from the sides of the tube and the
specimen would fall out of the tube.
21. Results of Dry Compression Tests.-The dry compression
strength of Albany sand decreased from the original value of 30 lb.
per sq. in. (see Table 6 and Fig. 6) to 4.2 lb. per sq. in. in the mold
tests, to 7 lb. per sq. in. in oven tests, and to 6 lb. per sq. in. in the
hydration and dehydration tests.
The original dry compression strength of Mulberry Grove sand
was 52.5 lb. per sq. in., which only decreased to 30 lb. per sq. in.
during the mold tests, but to 3.3 lb. per sq. in. in the oven tests and to
5 lb. per sq. in. in the hydration and dehydration tests. In this in-
stance the oven test and the hydration and dehydration methods of
testing for durability do not appear to predict the strength of the
sand when actually used in molding.
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TABLE 5
RESULTS OF GREEN TENSION TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio StrengthGrove Bentonite Ohio
Tension Strength in oz. per sq. in.
Mold Test Method
Original value....... 6.0 32.0 8.5 8.5 7.0 7.0
Value after
1st heat .......... 6.5 22.0 7.0 10.0 6.5 10.0
2ndheat.......... 6.75 15.0 7.5 9.5 7.0 7.0
3rd heat.......... 5.75 12.0 7.0 7.5 6.75 7.0
4th heat .......... 4.5 9.0 6.5 8.0 6.0 7.0
5th heat.......... 4.5 7.0 6.0 10.0 6.0 6.5
6th heat.......... 4.5 6.0 5.5 9.5 6.0 7.0
7th heat.......... 4.0 6.0 4.5 9.5 5.5 7.5
8th heat .......... 4.0 4.0 4.0 10.0 5.5 6.5
9th heat .......... 3.0 4.0 2.5 10.0 3.0 7.0
10th heat.......... 2.5 3.5 2.0 10.0 3.25 7.5
After addition of clay. 8.0 5.0
Oven Test Method
Original value....... 6.0 32.0 8.5 8.5 7.0 7.0
Value after
800 deg.F........ 6.75 29.0 8.5 8.5 7.5 8.0
1000 deg. F........ 6.5 8.0 8.0 12.0 12.5 14.6
1200 deg.F........ 6.5 5.75 5.75 9.5 5.75 9.5
1400 deg. F........ 2.5 4.5 3.5 9.0 4.5 5.0
Hydration and Dehydration Method
Original value ....... 6.0 32.0 8.5 8.5 7.0 7.0
Value after
800 deg.F........ 5.25 22.0 8.5 8.5 9.0 7.75
1000deg.F........ 5.5 - 7.25 8.5 8.0 11.0 10.5
1200 deg. F........ 4.5 4.0 6.0 10.5 6.5 7.0
1400 deg. F......... 4.5 3.5 5.25 8.5 7.25 7.25
The dry compression strength of the bentonite sand decreased from
the original of 93 lb. per sq. in., the greatest dry strength of all the
sands, to 20 lb. per sq. in. in the mold tests, to 6.2 lb. per sq. in. in the
oven tests, and to 4 lb. per sq. in. in the hydration and dehydration
tests. This is another instance where the two last-named tests do not
appear to support the data obtained from the mold test.
The dry compression strength of the constant-strength bentonite
sand decreased from 93 to 42 lb. per sq. in. in the mold tests, to 54 lb.
per sq. in. in the oven test, and to 75 lb. per sq. in. in the hydration
and dehydration tests.
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The dry compression strength of the Ohio sand decreased from 71
to 17 lb. per sq. in. in the mold tests, to 6.5 lb. per sq. in. in the oven
tests, and to 5.0 lb. per sq. in. in the hydration and dehydration tests.
Although a total of 202 grams of clay was added in various
amounts during the mold tests, the results of the dry compression
tests for the constant-strength Ohio sand are approximately the same
as those for the Ohio sand. The addition of clay during the tests did
not seem to materially affect the dry compression strengths. As no
clay was added to this sand during the oven and hydration and dehy-
dration tests, these dry compression results are repetitions of the dry
compression results obtained by the mold test method on the Ohio
sands.
If the original green compression strengths of sands are compared
with the respective original dry compression strengths, it can be seen
that the ratio of green compression strength to dry compression
strength for the Albany sand is 7.1 to 30, for the Mulberry Grove sand,
16 to 52, for the bentonite, 4 to 93, and for the Ohio, 4.3 to 71.
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FIG. 6. RESULTS OF DRY COMPRESSION TESTS
22. Results of Dry Tension and Shear Tests.-The results of the
dry shear and tension tests (Tables 8 and 9 and Figs. 7 and 8) did not
seem to reveal any properties or characteristics of the sands not al-
ready shown by the dry compression tests. The dry tension strength
of some of the bentonite sand specimens was beyond the capacity of
the machine, so that the data for the tension strength are not complete.
23. Results of Clay and Fineness Tests.-Table 10 shows the re-
sults of the fineness tests of the original sands. The fineness numbers
were calculated in accordance with the Standard Method of the Ameri-
can Foundrymen's Association. The distribution numbers were calcu-
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TABLE 6
RESULTS OF DRY COMPRESSION TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio StrengthGrove Bentonite Ohio
Compression Strength in lb. per sq. in.
Mold Test Method
Original value............. 30.0 52.5 93.0 93.0 71.0 71.0
Value after
1st heat................ 33.5 54.0 93.0 71.0 64.0 62.0
2nd heat ................ 13.0 65.0 93.0 93.0 69.0 62.5
3rd heat ................ 20.0 69.0 82.5 93.0 39.0 57.5.
4th heat ................ 19.5 50.0 67.5 76.0 29.0 36.0
5th heat ................ 15.0 37.0 47.5 64.0 25.0 28.01
6th heat ................ 11.0 50.0 59.5 93.0 26.0 30.0
7th heat................ 6.0 31.0 34.0 88.0 23.0 20.0,
8th heat ................ 5.0 20.5 48.0 66.0 18.0 26.0,
9th heat ................ 4.4 19.0 23.0 90.0 18.0 10.00
10th heat ................ 4.2 30.0 20.0 42.0 17.0 17.0
Oven Test Method
Original value............. 30.0 52.5 93.0 93.0 71.0 71.0
Value after
800 deg. F.............. 23.0 44.0 64.5 81.0 47.0 58.0
1000 deg. F.............. 13.0 10.0 61.0 77.0 20.5 35.0
1200 deg. F.............. 8.4 5.5 27.5 60.0 10.0 14.0
1400 deg. F.............. 7.0 3.3 6.2 54.0 6.5 6.0
Hydration and Dehydration Method
Original value ............. 30.0 52.5 93.0 93.0 71.0 71.0
Value after
800 deg. F.............. 20.0 80.0 93.0 93.0 67.0 75.0
1000 deg. F.............. 6.6 10.0 80.0 82.0 22.0 37.0
1200 deg. F.............. 6.5 7.5 7.5 75.0 13.0 10.0
1400 deg. F.............. 6.0 5.0 4.0 75.0 5.0 7.0
lated in accordance with the method originated by Clarence E.
Jackson.*
It is theoretically possible for two molding sands to have the same
average grain size but to be distributed upon different screens in such
a manner that the permeability and compression strengths will not be
the same, although the amounts and the kinds of clay in both sands
are identical. Theoretically, the higher the numerical value of the dis-
tribution number, the lower will be the permeability and the higher the
green compression strength of a sand. In accordance with this theory,.
*Transactions American Foundrymen's Association, 1931, pp. 506-512.
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TABLE 7
RESULTS OF DRY PERMEABILITY TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio StrengthGrove Bentonite Ohio
Permeability
Mold Test Method
Original value............ 29.7 Fell out 135.4 135.4 84.9 84.9
Value after
1st heat.............. 34.1 Fell out 135.4 135.4 83.5 82.0
2ndheat............. 34.5 Fell out 139.2 135.4 86.4 87.9
3rd heat.............. 41.7 125.3 135.4 137.3 89.5 89.5
4th heat.............. 45.4 100.0 141.1 139.2 87.1 95.0
5th heat.............. 40.4 91.9 151.8 139.2 92.0 92.8
6th heat.............. 56.3 91.2 149.3 147.3 100.0 98.2
7th heat.............. 56.0 83.5 151.9 151.8 108.7 106.6
8th heat .............. 52.2 87.9 147.4 147.3 106.6 107.7
9th heat .............. 62.6 100.0 142.0 145.4 107.0 116.5
10th heat .............. Fell out 103.3 143.2 159.7 109.0 127.0
143.0 100.0
Oven Test Method
Original value............ 29.7 Fell out 135.4' 135.4 84.9 84.9
Value after
800 deg. F............ 37.1 90.0 106.6 113.9 71.6 89.5
1000 deg. F............ 36.8 36.3 116.5 128.5 78.3 79.5
1200 deg. F............ 36.3 35.0 110.2 112.6 94.5 80.8
1400 deg. F............ 55.7 31.3 123.7 116.3 96.3 106.0
Hydration and Dehydration Method
Original value............ 29.7 Fell out 135.4 135.4 84.9 84.5
Value after
800 deg. F............ 38.5 Fell out 108.9 122.3 87.9 79.5
1000 deg. F............ 39.1 30.5 117.9 128.5 94.5 81.4
1200 deg. F............ 42.8 46.7 119.3 125.3 96.4 86.4
1400 deg. F............ 40.4 49.1 139.2 122.2 104.6 110.2
it should be noted that the original fineness number of the Albany
molding sand was the highest of all of the numbers obtained for the
different sands, and that the distribution number was also compara-
tively high. The permeability of this sand should be the lowest and
the green compression strength the highest. However, Figs. 1 and 2
show that the Albany sand had a green compression strength of 7.1 lb.
per sq. in. at 6.5 per cent moisture content, and a green permeability
of 22.4 at the same moisture content. It is evident that the permea-
bility of this sand was the lowest, but it did not have the highest green
compression strength. This is due to the fact that the bonding sub-
THE DURABILITY OF MOLDING SANDS
FIG. 7. RESULTS OF DRY SHEAR TESTS
stance was only 10 per cent. The green compression strength of the
Mulberry Grove sand was the highest even though the average grain
sizes were larger than those for the Albany sand.
It should be noted that it required 13.2 per cent of the Ohio clay
to produce a sand having a compression strength of 4.3 lb. per sq. in.,
and that it requierd only 4.6 per cent of bentonite clay to produce a
sand with a compression strength of 4 lb. per sq. in., although the
fineness and distribution numbers of these two sands were approxi-
mately equal. This indicates that the original bond-producing strength
of the bentonite clay is about three times as great as that of the Ohio
clay.
Table 11 shows the results of clay and fineness tests on all the
sands after the tenth heat for the mold test method. The two constant-
strength sands were tested after they had been restored to the original
green compression strengths by clay additions. All other sands were
tested before any clay was added.
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The fineness and distribution number of the Albany sand increased.
This shows that the sand was slightly finer after 10 heats than origin-
ally. The clay content was 7.4 per cent at the end of 10 heats, while
the original clay content was 10 per cent. As far as wear on the silica
grains was concerned, there was apparently very little. The sand was
not worn out as is generally thought. If a fresh amount of bonding
material had been added to the sand, the compression strength could
have been restored to the original value with but a slight decrease in
green permeability. Examination of the castings showed that the finish
of the castings after the tenth heat was apparently as good as after
the first heat.
The clay content of the Mulberry Grove sand (see Table 10) de-
creased from 28.4 per cent to 16.2 per cent during the mold test, a
loss of approximately 43 per cent of the clay content. The average
grain size or fineness number of the Mulberry. sand decreased from the
original value of 100 to 93, and the distribution number decreased
from 158 to 155. This shows very little change in the general char-
acteristics of the sand. If this sand were rebonded, the permeability
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TABLE 8
RESULTS OF DRY SHEAR TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio StrengthGrove Bentonite Ohio
Shear Strength in lb. per sq. in.
Mold Test Method
Original value........ 3.9 8.4 28.0 28.0 9.4 9.4
Value after
1st heat.......... 5.2 8.6 28.0 30.0 10.0 11.5
2nd heat .......... 3.8 9.2 22.1 26.0 8.8 9.3
3rd heat.......... 3.7 8.2 16.5 29.0 5.2 7.87
4th heat.......... 3.0 6.0 12.0 19.0 4.0 6.0
5th heat.......... 2.6 4.2 7.6 11.5 4.2 4.6
6th heat .......... 2.4 5.8 9.91 18.0 3.5 4.1
7th heat .......... 2.0 6.2 12.0 18.0 2.8 3.8
8th heat .......... 1.4 5.4 11.0 12.0 2.6 3.5
9th heat .......... 1.4 5.1 6.8 21.0 3.0 4.0
10th heat .......... 1.4 4.0 6.7 9.0 3.7 3.0
12.0 5.6
Oven Test Method
Original value........ 3.9 8.4 28.0 28.0 9.4 9.4
Value after
800 deg. F........ 3.6 5.5 14.0 21.4 7.2 8.0
1000 deg. F........ 2.0 1.8 11.0 15.0 3.0 4.9
1200 deg. F........ 1.65 0.7 7.6 8.0 1.4 1.8
1400 deg. F........ 1.00 0.5 2.0 9.8 1.0 1.0
Hydration and Dehydration Method
Original value........ 3.9 8.4 28.0 28.0 9.4 9.4
Value after
800 deg. F........ 2.0 7.8 32.0 29.0 8.6 13.8
1000 deg. F ........ 1.0 1.8 16.6 17.5 4.2 5.4
1200 deg. F........ 1.0 1.0 1.0 16.0 2.2 1.8
1400 deg. F........ 0.8 0.6 0.65 17.0 1.0 0.6
should decrease. Examination of the castings showed that this sand
fused to the surface. The fines or silt would have to be removed from
this sand sooner than from the Albany molding sand. Microscopical
examination of this sand showed that it was not of the compound
grain type, but of the angular grain type.
The clay and fineness tests of the two normal synthetic sands show
(see Tables 10 and 11) that the normal bentonite sand had an original
clay content of 4.6 per cent, and after the tenth heat a clay content of
3.5 per cent. The fineness number increased slightly from 72.5 to 75,
and the distribution number increased from 67.0 to 73.0. If this sand
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TABLE 9
RESULTS OF DRY TENSION TESTS
Type of Molding Sand
Constant- Constant-
Albany Mulberry Bentonite Strength Ohio StrengthGrove Bentonite Ohio
Tension Strength in oz. per sq. in.
Mold Test Method
Original value............ 40.5 3.5 over 127.5 over 127.5: 110.0 110.0
Value after
1st heat.............. 37.5 16.5 over 127.5 over 127.5 86.0 123.0
2ndheat.............. 38.5 10.5 over 127.5 over 127.5 75.0 127.0
3rd heat .............. 41.0 6.5 ovei 127.5 over 127.5 50.5 96.5
4th heat .............. 32.2 24.0 over 127.5 over 127.5 33.5 52.0
5th heat .............. 27.0 18.0 over 127.5 over 127.5 36.0 38.0
6th heat .............. 22.0 13.5 over 127.5 over 127.5 27.5 42.0
7th heat .............. 17.0 25.0 over 127.5 over 127.5 38.0 39.5
8th heat .............. 16.5 10.0 120.5 over 127.5 6.8 31.0
9th heat .............. 12.5 29.5 97.5 over 127.5 19.0 13.0
10th heat.............. 7.0 47.5 93.5 over 127.5 24.0 16.5
Still over 41.5
127.5 oz.
Oven Test Method
Original value............ 40.5 3.5 Did not Did not 110.0 110.0
break break
Value after
800 deg. F............ 36.5 13.5 Did not Did not 93.5 104.5
break break
1000 deg. F............. 16.0 17.5 Did not Did not 23.5 47.5
break break
1200 deg. F............ 6.0 12.5 81.5 Did not 8.0 17.5
break
1400 deg. F............ 9.5 7.5 10.5 Did not 10.3 0.4
break
Hydration and Dehydration Method
Original value............ 40.5 3.5 Did not Did not 110.0 110.0
break break
Value after
800 deg. F............ 26.5 29.5 Did not Did not 117.0 127.0
break break
1000 deg. F............ 9.5 16.0 Did not Did not 10.0 22.5
break break
1200 deg. F............ 6.5 11.0 21.5 Did not 12.0 14.5
break
1400 deg. F............ 7.0 6.5 16.0 Did not 3.5 4.5
break
were rebonded with clay to produce the original green compression
strength of 4.0 lb. per sq. in. at 5 per cent moisture content, the
permeability should decrease slightly. The clay content of the normal
Ohio clay sand decreased from 13.2 per cent to 8.8 per cent in the
THE DURABILITY OF MOLDING SANDS
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mold test, a clay loss of approximately 33 per cent. This is a greater
loss per heat than that shown by the bentonite sand. The fineness
number increased from 74.4 to 77.0, and the distribution number in-
creased from 73 to 77. Rebonding this sand with clay to obtain a
green compression strength of 4.3 lb. per sq. in. should not make an
appreciable change in the permeability of the sand. Examination of
the castings produced in these two sands showed that the Ohio sand
had a greater tendency to fuse to the surface of the castings than did
the bentonite sand. The bentonite sand did not shake out of the molds
as easily as the Ohio clay sand. This was due to its greater dry com-
pression, shear, and tension strengths.
After ten heats and rebonding, the green compression strength of
the constant-strength bentonite sand corresponded to a clay content
of approximately twice that of the original. The fineness number of
this sand decreased from 72.5 to 71, and the distribution number of 67
was not changed. Rebonding this sand with clay to restore its original
green bond strength increased the green permeability slightly, as
shown in Table 3. Examination with a microscope showed practically
no wear on the silica sand grains. This is substantiated by the dis-
tribution and fineness numbers of the sand.
The fineness number of the constant-strength Ohio sand increased
from 74.4 to 80, and the distribution number increased from 73.0 to 80.
However, Table 2 shows that the green permeability of this sand was
90 after rebonding to 4.3 lb. per sq. in. green compression strength at
5.0 per cent moisture content. This was an increase of 23.3 points over
the original permeability of 66.7. Microscopical examination of the
silica sand after the rebonding showed very little wear.
Table 10 shows the results of the clay and fineness tests on all the
sands after the oven test and the hydration and dehydration tests. In
considering the results of these tests, it should be remembered that clay
was added to the constant-strength bentonite and constant-strength
Ohio clay sand during the durability tests. The fineness and clay
tests of all other sands were made before any clay had been added.
Examination of the results of the clay and fineness tests of the
Albany sand shows that the fineness number after the mold tests was
130 and the clay content 7.4 per cent; after the oven test the fineness
number was 143, and the clay content 8.2, and after the hydration test,
the fineness number was 144, and the clay content 8.4 per cent. It is
evident that the mold test method affected the fineness and clay con-
tent of the sand more than the other two tests.
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The fineness number of the Mulberry Grove sand increased for
both the oven test and the hydration and dehydration tests; this was
also true of the distribution numbers. The higher temperatures to
which the sand was exposed during the mold test were more destruc-
tive to the clay and silica sand than were the temperatures of the oven
test and the hydration and dehydration tests. The loss in clay content
was greater for the mold test than for either of the other tests.
Examination of the bentonite sand after the oven test and hydra-
tion and dehydration tests, showed decreases in clay content from 4.6
per cent to 4 per cent and 3.6 per cent, respectively. The fineness and
distribution numbers of the sand remained practically constant in all
three tests. This sand could be rebonded and reused because the silica
sand was not reduced in grain size to any appreciable extent nor was
the distribution changed to any marked degree.
During the oven test, the clay loss of the normal Ohio sand was
1.7 per cent, and for the dehydration test 2.4 per cent. The results in
Table 3 and Fig. 2 show that the final green compression strength of
the sand was 4.3 lb. per sq. in. at 5 per cent moisture content in the
oven test and dehydration tests, and that, after the 1400 deg. F. heat,
the dry compression strength of this sand for the oven test decreased
from 71 lb. to 6.5 lb. per sq. in., and for the dehydration test from 71
to 5 lb. per sq. in. The green permeability of this sand also increased
over its original value, indicating a loss in clay content. All the green
strength tests show that this sand increased in strength after being
heated to 1000 deg. F.
The final fineness and distribution numbers of the constant-
strength bentonite sand showed very little change from the original
values for all three test methods. The final clay content was approxi-
mately twice that of the original (4.6 per cent) for all three methods.
The dry compression and dry shear strengths decreased for both the
oven test and the dehydration test. The original dry tensile strength
of this sand was greater than the capacity of the tension testing ma-
chine and, therefore, was over 127.5 ounces per sq. in. at all times. The
dry permeability decreased slightly from its original value of 135.4
to one of 116.3 for the oven test and to one of 122.2 for the hydration
and dehydration tests. This is unusual, as the green permeability
showed a slight increase. This behavior was partly explained when a
petrographic examination was made of the bentonite clay.
The constant-strength Ohio sand showed a slight loss in clay con-
tent after being heated to 1400 deg. F. for both the oven and the de-
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hydration tests. The fineness and distribution numbers showed a
slight increase in numerical value. No clay was added to this sand to
keep the green compression strength constant for these two methods,
and therefore the strength curves are similar.
24. Clay Additions and Sand Losses.-Table 11 shows the sand
losses for the three test methods, and the weight of clay added to the
synthetic sands. From the table it can be seen that the loss of weight
of the Mulberry Grove sand was greater during the mold test than
that of the Albany sand. For the oven test this was also true, but for
the hydration and dehydration tests the loss in weight was less than
for the Albany sand. The loss of weight for the mold test was greater
than for the oven and hydration and dehydration tests, because the
sand fused badly in the mold test.
The loss in weight of the bentonite sand was 8.8 per cent during
the mold test, and 120 grams of clay were required to restore the
green compression strength to 4 lb. per sq. in. For the oven test the
loss was only 19 grams, and for the hydration and dehydration test
10 grams. It required an addition of 110 grams of clay to restore the
original green compression strength for the oven test, and 100 grams
when the hydration and dehydration tests were used. Since the sand
on the surface of the molds was exposed to high temperatures and
some sand adhered to the surface of the castings, it is to be expected
that the loss of clay in the mold test would be greater than that for the
other two tests.
The loss in weight of the Ohio clay sand was 7.5 per cent during the
mold test, and 170 grams of clay were required to restore the green
compression strength .to 4.3 lb. per sq. in. at 5.0 per cent moisture
content. In the oven test and hydration and dehydration test, the
losses in weight were 2.35 per cent and 1.1 per cent, respectively. No
clay was added to this sand after testing by these two methods, as the
final green compression strength was equal to the original.
The loss in weight of the constant-strength bentonite sand was 18.3
per cent during the mold test, and 225 grams of clay were necessary
to maintain the green compression strength at 4.0 lb. per sq. in., at 5
per cent moisture content, throughout the test. The sand appeared to
fuse to the surface of the castings to a greater extent than the normal
synthetic sand, and this partially accounts for the greater amount of
clay used in the test. In the oven test the sand loss in weight was 5.67
per cent, and 65 grams of clay were added during the test to keep the
green compression strength constant. With the hydration and dehydra-
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tion test, the loss in weight of this sand was 0.87 per cent, and 70
grams of clay were added during the test to maintain the green com-
pression strength of the sand. The loss in weight was greater than
that of the normal synthetic sand, but the weight of the clay additions
required to maintain the green compression strength at a constant
value was less.
The constant-strength Ohio clay sand also showed greater losses in
weight for the mold test method than the normal synthetic Ohio sand,
and it required a total of 202 grams of clay to maintain the constant
green compression strength at 4.31 lb. per sq. in., at 5 per cent moisture
content. For the oven test the loss in weight was 1.9 per cent. No
clay was added during the test, as the final green compression strength
was equal to the original. The loss in weight for the dehydration test
was 1.5 per cent, which was 0.4 per cent greater than the loss in weight
of the normal Ohio sand.
An examination of the weights of the normal bentonite sand in the
dehydration test (Table 11) is of interest. The original amount of
dry clay and sand, 2520 grams, was tempered at 5.0 per cent moisture
for 12 hours, and then dried in the electric oven at 225 deg. F. for four
hours. The sand was then removed, allowed to cool to room tempera-
ture, and weighed. An increase of 12 grams in weight was noted. The
sand was reheated at 225 deg. F. for four hours and weighed again, and
was then heated to 800 deg. F. for one hour, cooled, and weighed.
The sample still weighed 8 grams more than it did originally. All
weights obtained were greater than the original ones until after the
1400 deg. F. heat, when a loss of 10 grams occurred.
Early in the investigation it was observed that, to produce a mois-
ture content of 5 per cent in normal bentonite sand, it was necessary to
add 6.5 per cent of water. From the results obtained with the hydra-
tion and dehydration test (see Table 11) it appears that the bentonite
clay in this sand is not completely dehydrated when heated 4 hours
at 225 deg. F., but still retains approximately 1 per cent of the
moisture, and that the clay is not completely dehydrated until after
the 1400 deg. F. heat.
From Table 11 it may be observed that the weight of the sand
increased from 2520 grams to 2532 grams after hydration and dehy-
dration at 225 deg. F. for 4 hours. The sand contained 120 grams of
clay, and approximately 1 per cent of water; this would account
for the 12 grams increase in weight. This weight was retained until
after the sample had been heated to 1200 deg. F.
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IV. MINERALOGY AND CHEMISTRY OF BONDING SUBSTANCES IN
MOLDING SANDS
25. Testing Bonding Substances.-As many of the results obtained
could not be explained satisfactorily on the basis of the physical tests,
the investigation was extended to include a study of the mineralogy
of the bonding substances. The bonding substances of all sands used
in the investigation were examined under a petrographic microscope
to determine the mineralogical makeup and the size of the particles.
The minerals were determined on the basis of their petrographic char-
acteristics.* An additional determination was made after the hydra-
tion and dehydration tests, and the petrographic data were again ob-
tained on the bonding substances in order to determine the change in
the constituent minerals of the bond during the tests.
A difficulty encountered in the study of the natural molding sands
was due to the presence of limonite (2Fe20s.3H 20) effectually obscur-
ing the remaining minerals in the bond. Where limonite is present, in
abundance, it adheres to the surface of the particles, making impos-
sible the identification of the mineral content with the petrographic
microscope. Chemical analysis showed that the Albany molding sand
contained 3.75 per cent Fe2 O, and 10.85 per cent A120l, and the Mul-
berry Grove sand 2.78 per cent Fe203 and 8.85 per cent Al 20,.
26. Results .of Petrographical Determinations.-The bonding sub-
stance used in the synthetic bentonite sands was composed of the clay
mineral montmorillonite (A1203.4SiO2.XH 2 O) which occurred in flake-
shaped particles of about one micron (0.001 mm.) or less diameter.
The clay was entirely crystalline. There were traces of other minerals,
but the major constituent appeared to be montmorillonite.
Petrographic analysis of the bonding substances in the samples of
bentonitic synthetic sands after the hydration and dehydration tests
showed it to be still composed of montmorillonite in particles averag-
ing one micron in diameter. It appeared to be unaltered, and had not
yet lost its mineral identity.
The bonding substance used in the synthetic Ohio clay sands was
composed chiefly of the clay mineral kaolinite (A1203.2SiO2.2H 20).
This mineral occurred in flake-shaped crystals of all sizes up to 0.02
mm. in diameter, or 20 times larger in diameter than the crystals of
the bentonite clay. Many of the crystals were near the maximum
size and were book-like in form, due to the perfect cleavage of the
*"Petrographic Study of Clay Minerals," Journal of Sedimentary Petrology, Vol. 4, pp. 45-
47, 1934. R. E. Grim.
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crystals parallel to their bases. There were traces of other minerals,
but the major constituent appeared to be kaolinite.
After hydration and dehydration tests, examination under the mi-
croscope showed that the Ohio clay was composed of a mixture of
kaolinite in particles as large as 5 microns in diameter, and apparently
of amorphous material. Kaolinite at 845 deg. F. loses its crystal form,
and above 1652 deg. F. changes into mullite (3Al 203 .2SiO2) and a
form of quartz (Si02). The material between the temperatures of 845
and 1652 deg. F. is in the transition state, and appears to be a mixture
of the kaolinite not yet altered and material originally kaolinite but
which has passed into the transition state. It must also be remem-
bered that the original size of the kaolinite particles was 20 microns,
or 0.02 mm.; a reduction in particle size of about 4 times is therefore
shown.
The presence of limonite (2Fe2,O.3H 20) in the natural molding
sand effectively masked the other constituents, so that the changes
taking place in hydration and dehydration could not be determined
precisely. Further research is necessary in order to accomplish the
identification of the minerals in the bonding substance and to de-
termine changes upon working.
27. Physical Properties of Minerals.-An inherent property of
montmorillonite, the major constituent of the bentonite clay, seems to
be its high absorptive ability. According to Hoffmann, Endell and
Wilm,* "montmorillonite absorbs water in a reversible manner up to
1022 deg. F. At 1472 deg. F. montmorillonite lattice grouping is still
intact, but breaks down at 1832 deg. F. It seems that this breakdown
of lattice grouping is preceded at about 1112 deg. F. by the formation
of an anhydromontmorillonite and the material is unable to swell any
more." R. E. Grimt shows that montmorillonite has lost most of its
water of hydration at 932 and 1112 deg. F. The exact mineralogical
changes on heating montmorillonite to a high temperature have not
been determined. However, it probably would change over to mullite
(3A1203 .2Si02) and a form of quartz (Si02).
According to Schachtschabel,$ kaolinite absorbs water in a re-
versible manner up to a temperature of 806 deg. F. However, the re-
absorption of water is very slow. It takes over 110 hours at a tem-
perature of 212 deg. F. for kaolinite to reabsorb 4.3 per cent of water
after it has been heated to 806 deg. F. Ross and Kerr§ show that
*Zeitschrift f. Kristallographie, Vol. 86, pp. 340-348, 1933.
tEconomic Geology, Vol. xxviii, No. 4, June 1933.
WChemie d. Erde, Vol. 4, pp. 295-419, 1930.
}U.S. Geological Survey, Professional Paper 165, pp. 166-168, 1930.
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kaolinite loses most of its water of hydration between 734 and 979
deg. F.
After being heated to 842 deg. F. kaolinite is altered mineralogi-
cally, and rehydration is very slow, as already stated. At high tem-
peratures (1652 deg. F.) kaolinite eventually changes over to the
mineral mullite (3A120s.2SiO2) and a high temperature form of quartz
(SiO 2). There seems to be some question as to the exact condition of
this material after being heated to temperatures between 842 and
1652 deg. F. It appears to be non-crystalline Al20a and SiO,; whether
combined or uncombined is not agreed upon. It should be remembered
that these temperatures are equilibrium temperatures, and in practice
a considerable lag would no doubt exist as equilibrium is reached
slowly. The behavior of both montmorillonite and kaolinite when
heated to high temperatures has been given some attention because
it seems likely that, when using a molding sand containing kaolinite
clay, the clay mineral would gradually break down into these two
minerals, which would exist in small particles, possessing none of the
properties of clay, but would remain in the molding sand and increase
the quantity of silt. Thus silt may be produced in a molding sand
from the bonding substance as well as from the breaking down of
silica sand particles.
According to Posnjak and Merwin,* mineral limonite (2Fe203.-
3H 20), identified in the Albany and Mulberry Grove sands, loses its
water of hydration at 356 deg. F. Before this temperature is reached
limonite can be rehydrated with ease. After being heated to 356 deg.
F. it ordinarily cannot be rehydrated to its original form.
28. Chemical Properties of Bonding Substances.-The base-ex-
change capacities, or the ability of the clay minerals to hold either
basic or acid ions on the surface of the materials, were determined,
and the replaceable bases present were investigated in an attempt to
interpret some of the results of the work.
The bentonite clay had a base-exchange capacity of 82 milli-equiv-
alents per 100 grams. This was saturated mainly with sodium ions,
with smaller amounts of calcium and magnesium ions. The Ohio clay
had a base-exchange capacity of 36 milli-equivalents per 100 grams,
and was mainly a calcium and hydrogen clay. The Mulberry Grove
sand had a base-exchange capacity of 7.7 milli-equivalents per 100
grams and was mainly an acid clay, while the Albany sand had a
base-exchange capacity of 2.9 milli-equivalents per 100 grams, and
was also mainly an acid clay.
*American Journal of Science, Vol. 97, pp. 311-348, 1919.
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The base-exchange capacities were obtained by leaching the ma-
terials with neutral ammonium acetate and washing out the excess of
ammonium acetate with absolute methyl alcohol. The ammonia ab-
sorbed by the material in a replaceable form was determined by dis-
tillation into a standard acid solution after adding calcium carbonate,
sodium sulphate, and water. The excess of acid was then titrated with
a standard sodium hydroxide solution, and the exchange capacity cal-
culated in terms of milli-equivalents per 100 grams of substance. The
base-exchange capacities of the bentonite clay and Ohio clay were de-
termined on the whole clay substance, and the base-exchange capac-
ities for the bentonite and Ohio clay sands were calculated. This was
done by multiplying the base-exchange capacity of each clay by the
percentage of each clay added to the silica sand. Thus, the percentage
of bonding substance in the bentonite sand was 4.6. Therefore,
0.046 X 82 = 3.77 milli-equivalents per 100 grams for the bentonite
sand, and 0.132 X 36 = 4.75 milli-equivalents per 100 grams for the
Ohio clay sand. It was not necessary to do this for the two natural
sands because the clay substances were in the sands when received.
The replaceable bases were determined by the usual semi-quantitative
methods used in soil chemistry.
V. DIscussION OF RESULTS OF INVESTIGATION
29. Correlation of Physical and Chemical Properties of Minerals
with Results of Investigation.-An analysis of the results of the in-
vestigation indicates a direct relation between the physical and the
chemical properties of the bonding substances. A comparison of the
montmorillonite* and kaolinitet sands on the basis of the green com-
pression, shear, and tension strengths shows that the bentonite (i.e.
montmorillonite) molding sand had the longest life, or greatest dur-
ability of any sand investigated, when the percentage of bonding sub-
stances is taken into consideration. The strength decreased in
accordance with the hydration curve for the principal constituent,
namely, montmorillonite. This is shown by the oven test and hydra-
tion test results given in Tables 3, 4, and 5 and Figs. 2, 3, and 4. The
green strength of this sand did not decrease until after the 1000 deg.
F. heat. At 1000 deg. F. the green strengths of the bentonite sand were
approximately equal to the original strengths. This agrees very closely
with the hydration curve for the mineral montmorillonite. According
to the authorities quoted, montmorillonite loses most of its water of
*Zeitschrift f. Kristallographie, Vol. 86, pp. 340-348, 1933.
tU.S. Geological Survey, Professional Paper 165, pp. 166-168, 1930.
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hydration at 1022 deg. F., and this loss is accompanied by the loss of
its ability to rehydrate. This inability to rehydrate is also indicated by
the test data which show a reduction in the green strengths of the ben-
tonite sand. The petrographic results show that the size of the mont-
morillonite particles in the bentonite sand was 1 micron and less. This
is, no doubt, responsible for the high green bond strength, and for the
fact that the presence of only 4.6 per cent of the bentonite clay was
sufficient to produce a green bond strength of 4 lb. per sq. in. at 5 per
cent moisture content. The amount of Ohio clay necessary to produce
the same strength was 13.2 per cent, or almost three times as great, and
the average size of the particles in the Ohio clay mineral was approxi-
mately 20 microns (0.02 mm.). Therefore, a greater amount of the
material (considering size alone) should be needed to produce a given
green bond, green tension, and green shear strength. This larger size
of the particles of the kaolinite also accounts for the increase in green
compression strength, tension, and shear strengths of the sand when
used. This results from a decrease in the size and an increase in the
number of the kaolinite particles on being heated in the mold test,
oven test, and hydration and dehydration test, thus causing an increase
in the number of surfaces to which the tempering water could adhere,
and the green strengths of this sand increased in all cases even though
heated to 1400 deg. F. According to authorities, kaolinite loses its
ability to rehydrate at 842 deg. F. This temperature is lower than
that required for montmorillonite, and therefore sands containing the
kaolinite mineral should lose their strength sooner than those contain-
ing montmorillonite. However, the Ohio clay sand increased in green
strength until heated to 1200 deg. F., but generally the final green
strengths were as great as the original green strengths.
After the hydration and dehydration tests, petrographic examina-
tion showed that the average size of the mineral substances had de-
creased from 20 microns to 5 microns, which indicates that green
strengths of molding sands are influenced in part by the size of the
particles in the bonding substances used.
As the petrographic examination of the two natural sands showed
only the positive presence of the mineral limonite and doubtful indica-
tions of the identity of the major mineral constituent in the sands, fur-
ther investigation must be undertaken before any reasons can be ad-
vanced for the particular behavior of these sands as related to the
physical properties of the bonding substance.
The green permeabilities of the two synthetic sands increased in
all three methods. In the mold test, even though the sands were being
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dehydrated, some of the clay was removed by adhering to the surface
of the castings. In the other tests, dehydration of minerals beyond
the rehydration point accounts for most of the loss in bonding sub-
stances as shown in the clay and fineness tests, and also for the in-
crease in green permeability, because the sands lost their water of hy-
dration, and, therefore, increased in permeability.
For example, montmorillonite (A120,.4SiO,.H 20) contains approx-
imately 20 per cent water. From the results of the clay and fineness
test (see Table No. 10) it can be seen that the original bentonite sand
contained 4.6 per cent clay. If it can be assumed that at 1400 deg. F.
the mineral was thoroughly dehydrated, and that after tempering this
mineral is not capable of rehydration, then 4.6 per cent, which is the
percentage of mineral contained in the molding clay sand, and of
which 20 per cent was water, multiplied by the fraction of water lost
on dehydration, should equal the amount of water lost in the sand.
Thus 4.6 X 0.20 = 0.92 per cent; 4.6 per cent - 0.92 per cent = 3.68
per cent. According to the results of the clay and fineness test of the
bentonite sand after the dehydration test, it was found to contain 3.6
per cent bonding substance, which is approximately equal to the
computed value. Likewise, the loss in bonding substance for the Ohio,
Albany and Mulberry Grove sands can be estimated. Kaolinite
(A1203.2SiO 2.2H 20) contains approximately 13.9 per cent of water.
The Ohio clay is a kaolinite, and the original Ohio sand contained 13.2
per cent clay. Therefore, 13.2 X 0.139 = 1.83 per cent, the loss from
dehydration; 13.2 - 1.83 = 11.37, which is the percentage of dehy-
drated kaolinite left in the Ohio sand. After the dehydration test there
was found 11.8 per cent and after the oven test 11.5 per cent, close
approximations to the computed value. After the mold test the per-
centage of bonding substance left was only 8.8. However, in this test,
some of the bonding substance adhered to the surface of the castings,
and, therefore, a greater loss in bonding substance would result. For
the two natural sands this calculation cannot be made, as the identifi-
cation of the principal mineral constituents is doubtful. Probably fu-
ture research can determine this.
The dry compression, shear, and tension strengths of the two syn-
thetic sands were dependent to some extent on the mineral composing
the bonding substance and its physical characteristics. The original
size of the mineral appeared to influence the dry strengths of the sands
also. The original dry compression strength of the bentonite sand was
93 lb. per sq. in. and the dry tension strength was greater than the
capacity of the tensile strength machine, while the dry strength of the
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Ohio clay sand was lower. The dry strength of the two synthetic sands
decreased for all three test methods. This was due to the mineral
constituents being gradually dehydrated above the temperatures at
which rehydration takes place. The green strengths of the sand were
influenced by the ability to withstand heat and by the size of the clay
particles. The results of the tests of the constant-strength sands show
that, although it was possible to maintain the green compression
strengths by additions of clay, the dry strengths decreased. This again
indicates that the green strength of molding sand depends upon the size
of the particles in the bonding material, together with its bond-produc-
ing capacities. The dry strengths of a molding sand, in contradistinc-
tion to this, are dependent upon the physical or chemical properties of
the bonding material or upon a combination of both physical and
chemical properties. This is apparently substantiated when the base-
exchange capacities of the sands investigated are considered. An
analysis of the results indicates a direct relation between the amount
of material, or materials, which possess base-exchange properties, and
the dry strength values of the sands. Table 12 shows the calculations
which were made substantiating this. If it is assumed that the ma-
terial in all the sands which contributes principally to the dry strength
value is identical with, or similar to, the mineral montmorillonite ap-
pearing in the bentonite clay used in the present study, some interest-
ing relationships appear.
As montmorillonite is a mineral having a high base-exchange ca-
pacity, and as it appeared to be a very pure material, it was arbi-
trarily given the base value of 100. The base-exchange capacity of
82 milli-equivalents per 100 grams was used as the basis for the cal-
culation in Table 12.
The ratio of the dry compression strength to the base-exchange
capacity of the four sands used is constant, as would be the case if
the base-exchange capacities were a direct measure of the dry com-
pression strengths. If, therefore, the original assumption is correct,
another factor, or factors, must be influencing the results obtained.
This factor appears to be the amount of the bonding substance not
possessing base exchange properties. Since it has been assumed that
a mineral, or minerals, equivalent to the bentonite used is responsible
for the exchange properties, the bentonite equivalent can be calculated
as
base-exchange capacity of the sand
base-exchange capacity of bentonite 100.
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If this is subtracted from the bonding substance value (bonding sub-
stance - bentonite equivalent), the amount of inert fine material in a
mineral is obtained (see col. 5, Table 12). This fine material, which
possesses no base-exchange properties, although it has formerly been
measured as part of the bonding material, contributes nothing to the
dry initial strength values of the sand, and actually represses the effect
of the bentonite equivalent, which can be considered a measure of the
true bonding substance for the dry strength values as far as practical
use is concerned.
If it is assumed that bentonite is the ideal bonding substance, it
can be calculated that, for each milli-equivalent of base-exchange ca-
93pacity added as bentonite, an increase of = 24.6 lb. per sq. in. dry
. 3.77
compression strength is represented.
Based on this assumption, it appears that the dry compression
strength value of each milli-equivalent per 100 grams of bentonite
equivalent is approximately 25 lb. per sq. in., while the depressing
effect of the non-bentonite equivalent is approximately 6.8 lb. per sq.
in. for each per cent present, as indicated in Table No. 12.
While the number of cases investigated is too small to reach a defi-
nite conclusion as to the practical use of these values, a possibility for
further research is suggested and it is indicated that, in the future, the
values for bonding material and base-exchange capacity can be used to
estimate the initial dry strength values of a molding sand. As an
example of this method the following is given: A sand had a base-
exchange capacity of 4.75 milli-equivalents per 100 grams, and the
amount of bonding material in the sand was 13.2- per cent.
Calculations:
4 7 5 X 100 = 5.8 "bentonite equivalent"
82
13.2 - 5.8 = 7.4 "non-bentonite equivalent"
4.75 X 25 = 118.7 lb. per sq. in. dry compression strength,
if 100 per cent pure.
7.4 X 6.8 = 49.3 lb. per sq. in. depression in strength due
to non-bentonite.
118.7 - 49.3 = 69.4 lb. per sq. in. initial dry compression
strength the molding sand should have.
These values were taken from the Ohio clay sand, and the result of the
calculation compares favorably with the experimental value of 71.0
lb. per sq. in. as shown in Table 6.
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It should be noted that the relationship found between the base-
exchange capacities and the dry strengths of the four materials used
are purely assumed, and need not be entirely a result of the special
chemical property of base-exchanges. The fineness and nature of the
clay possessing this property must also be considered. The size dis-
tribution within the material smaller than 1 micron in size is probably
one of the important factors controlling the properties of the molding
sands. The relationship suggests, however, that base-exchange ca-
pacity, size distribution, and mineral nature should form the basis for
future studies.
VI. SUMMARY AND CONCLUSIONS
30. Summary of Results.-
(1) Graphical correlation of the results of the methods investigated
shows that the two natural and the bentonite molding sands gradually
decreased in both green and dry strengths, and that both the green
and the dry permeability increased during the tests. The green
strength of the synthetic Ohio clay sand first increased and then de-
creased, and there was a gradual decrease in all dry strengths while
the green strengths increased. The green and the dry permeability
of this sand showed a gradual increase with all three methods. The
loss in green and dry strengths of the two natural and the normal
bentonite sands was due either to the bonding material adhering to the
surface of the castings or to the dehydration of the principal mineral
constituent in the molding sand. The increase in green strength of the
normal synthetic Ohio clay sand was due primarily to the breaking
down of larger sized clay particles into smaller ones, thus increasing
the green strengths. The decrease in dry strength of this sand indicates
that dry strengths of a molding sand are independent of size of par-
ticles and depend upon the dehydration resistance of the major mineral
constituent; while the initial dry strength can be measured by the
base-exchange capacity of the bonding substance. The behavior of the
two natural and bentonite constant sands seems to substantiate this
theory.
(2) The results of the clay and fineness tests showed that the
grain fineness of the sands was reduced and the grains were distributed
differently after each of the three methods of testing for durability.
This is shown by an increase in the numerical values of the fineness
and distribution numbers of the sands. The loss in bonding material
of the normal synthetic sands, as represented by the clay test, shows
that in the hydration and dehydration test this loss is approximately
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equal to the water of hydration contained in the bonding material. In
the mold test, some of the bonding material adhered to the castings,
thus making it impossible to calculate the bond lost.
(3) Correlation of the results of the clay and fineness tests of the
sands with the green strengths, dry strengths and permeability tests,
shows that all of the sands could be rebonded with clay and put to
further use for molding purposes. This was proved by the results of
the tests on the two synthetic constant-strength molding sands. In
actual practice, when facings of graphite are used, a reduction in
permeability would result.
(4) The results indicate that if the base-exchange capacity of a
molding sand is known, the original dry compression strength can be
calculated by means of the following formulas:
Base-exchange capacity of sand .
base-exchange capacity of bentonite bentonite equivalent.
Amount of bonding substance - bentonite equivalent = amount of
inert finer mineral, or non-bentonite equivalent.
Base exchange capacity of sand X dry compression strength of each
milli-equivalent of bentonite = lb. per sq. in. dry compression strength
if 100 per cent pure.
Non-bentonite equivalent X depressing effect of non-bentonite equiva-
lent = lb. per sq. in. depression in strength.
Dry compression strength if 100 per cent pure - lb. per sq. in. de-
pression in strength = initial dry compression strength the molding
sand should have.
31. Conclusions.-As a result of this investigation, the following
general conclusions may be drawn with respect to the objects of the
investigation as outlined in the introduction:
(1) It is not possible to accurately predict the life of a molding
sand by any of the three methods.
(2) It is more economical for foundrymen to add clay or bonding
substance to molding sands after using the sand for a number of heats,
than to try to hold the strength constant by frequent additions of
bonding substance, as was done with the two constant-strength sands
used in this investigation. Results also show that the amount of bond
necessary to bring a given quantity of molding sand back to its orig-
inal green compression strength depends entirely on the kind and
nature of the bonding material used.
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Additional conclusions to be drawn from the investigation are:
(3) The durability of a molding sand depends upon the physical
and chemical properties of the mineral, or minerals, found in the
bonding substance. The green strengths seem to depend upon the
physical properties of the mineral, or minerals, and on the size of par-
ticles, and can be measured by the base-exchange capacities. The
original dry strengths of a molding sand apparently are independent
of the size of particles and the physical properties, and are dependent
upon the presence of the mineral or minerals carrying base-exchange
capacity, and the amount of non-bentonite fine material present in
the bonding substance.
(4) More samples of bonding substances should be investigated
so as to determine whether the results obtained in this investigation
are applicable to a greater variety of molding sands. The fineness and
nature of the clay possessing the property of producing green and
dry strengths in molding sands should be considered in future research.
The size distribution within the material smaller than 1 micron in
size also cannot be overlooked as an important factor in controlling
the properties of molding sands. Future investigation should also be
conducted on the natural molding sands with the object of devising a
suitable method of separating and identifying the mineral, or minerals
present, so that the life or durability of natural molding sands can
be determined.
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